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lsialloy@yahoo.coAbstract The strain amplitude-controlled fatigue characteristics of an Al–Si casting alloy and its
composite reinforced with 17 vol% Al2O3 ﬁbers (Al–Si/Al2O3) are studied at three different
temperatures. Both the alloy and the composite showed different degrees of cyclic softening at
elevated temperatures. Increasing the temperature, fatigue damage of either the alloy or the
composite occurred with varying mode from brittle fracture of silicon particles to their separation
from the aluminum matrix. This is explained by the different thermal expansion coefﬁcients of
silicon particles and the aluminum matrix. The reinforcement Al2O3 ﬁbers in the composite showed
a similar damage behavior with those silicon particles despite temperature variation.
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m (W. Cai).1. Introduction
Aluminum matrix composites are being increasingly used in the
automotive industry due to their high strength to weight ratio
and low cost, providing considerable improvements in fuel
efﬁciency [1]. Especially Al2O3 ﬁber reinforced Al–Si casting
alloys are extensively used in the production of engine pistons
[2]. The main advantages of the material include low speciﬁc
gravity, high speciﬁc strength, excellent castability, high wear
resistance, low thermal expansion, as well as adequate physical
and mechanical properties at elevated temperature [3,4].
The piston is considered to be the most important part of an
engine and often works under high temperature. Some research-
ers have paid close attention to the fatigue performance of piston
alloys at elevated temperature [5–8]. Previous work has shown
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[12,13], and clustering of reinforcing ﬁbers or particulates [14,15]
are the main fatigue crack initiation sites in the aluminum matrix
composites. However, with regard to the piston materials
reinforced by Al2O3 ﬁbers, very few studies were done on its
fatigue fracture behavior especially at elevated temperature.
The objective of this paper is to investigate the strain
amplitude-controlled fatigue performance of Al–Si casting alloy
and its composite reinforced with Al2O3 ﬁbers for application in
piston. The cyclic fatigue tests have been performed at three
different temperatures 200 1C, 275 1C and 350 1C, which are the
operating temperature range of the piston. The fatigue damage
behavior of the silicon particles and the reinforcement Al2O3
ﬁbers were characterized based on fractographic analysis.2. Materials
The unreinforced Al–Si matrix alloy used in the present investiga-
tion was prepared by gravity casting. Table 1 lists the chemical
compositions of the matrix alloy. The composite based on the
Al–Si alloy reinforced with 17 vol% Al2O3 ﬁbers was fabricated
by squeeze casting. It was a mechanical pressure inﬁltration
process in which a preform was placed in a solid mold, and the
molten matrix alloy was poured into the mold. The preform was
a shaped porous assembly of Al2O3 ﬁbers, and its microstructure
is shown in Fig. 1(c). The Al2O3 short ﬁbers have an estimated
dimension of 5 mm in diameter and 50–100 mm in length.
The casting temperature was controlled to be in the range of
790–810 1C, and the preforms were preheated before inﬁltration.
Both the Al–Si alloy and its composite were all cast into pistons
and heat treated in the T6 condition. The two materials were
quenched in air, and then artiﬁcially aged at 23075 1C for 7 h.Fig. 1 Micrograph illustrating the microstructure of the mate-
rial: (a) the Al–Si alloy; (b) the Al–Si/Al2O3 composite; (c) the
Al2O3 short ﬁbers.3. Experimental
3.1. Specimen preparation
Specimens with a gage length of 45 mm and a diameter of
5 mm were taken from the piston crown for the static tensile
and cyclic fatigue tests. After rough and ﬁnish machining, the
specimens were polished to remove all surface scratches and
machining marks using gradually ﬁner grades of emery paper.
3.2. Tensile and fatigue testing
All the tensile and fatigue tests were performed on a servo-
controlled mechanical testing system (INSTRON: Model 8801)
equipped with a 50 kN load cell. There was a furnace on the
testing machine for the temperature to be precisely controlled. Test
temperatures were 200 1C, 275 1C and 350 1C. An axial clip-on
extensometer was used to measure the strain variation both in
tensile and fatigue tests. The total strain amplitude-controlled
cyclic tension-compression fatigue tests were conducted at a totalTable 1 Chemical composition of the Al–Si alloy (wt%).
Si Cu Ni Mg Mn Fe Al
13.0 4.6 2.2 1.1 0.2 r0.5 Balancestrain range of 0.40% with a constant cyclic frequency of 0.5 Hz,
and a stress ratio R¼1. The number of cycles to failure is taken as
fatigue life (Nf).
3.3. Microstructure characterization
The initial microstructure and the fatigue fracture surfaces of
the specimens were examined in a JSM 6610LV scanning
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mode and microscopic mechanisms governing fracture.Fig. 2 Cycle stress response curves for (a) the Al–Si alloy and (b)
the Al–Si/Al2O3 composite.4. Results
4.1. Undeformed microstructure
The microstructure of the Al–Si alloy and Al–Si/Al2O3 compo-
site is shown in Fig. 1(a) and (b), respectively. In Fig. 1(a), the
Al–Si matrix alloy consisted mainly of a-Al matrix, Si particles
(primary silicon and eutectic silicon) and intermetallics. Most of
the primary Si particles were blocks with a diameter of 50–
100 mm. Strictly speaking, the eutectic Si particles should be
called eutectic Si platelets. Silicon particles were thought to
improve the wear resistance of the piston. The intermetallics were
quite diverse in morphology with varying chemical components
according to their different contrast, as shown in Fig. 1(a).
Al9NiFe phase, Al7Cu4Ni phase, Al3CuNi phase, and
Al5Cu2Mg8Si6 phase were identiﬁed in the Al–Si alloy with the
aid of EDS analysis. In Al–Si/Al2O3 composite, the discontin-
uous short Al2O3 ﬁbers were dispersed randomly in the matrix
alloy as shown in Fig. 1(b). Meanwhile, slight clustering of ﬁbers
was observed. Fig. 1(c) presents the conﬁguration feature of
ﬁbers in the perform.
4.2. Tensile properties
The tensile properties of the two materials at the three
temperatures are summarized in Table 2. The elastic modulus
of the Al–Si alloy and Al–Si/Al2O3 composite decreased
obviously with the rise of temperature. Meanwhile, the elastic
modulus of the composite was slightly higher than that of the
Al–Si matrix alloy. It was also noted that the elastic modulus
of the matrix alloy decreased remarkably and that of the
composite decreased slowly with increasing the temperature.
The yield strength, deﬁned as the stress required at a plastic
strain of 0.2%, of the Al–Si/Al2O3 composite was much higher
than that of the matrix alloy. As for ultimate tensile strength,
its behavior was consistent with the variation of the yield
strength. The tensile tests show that Al–Si/Al2O3 composite
presented a different performance from the Al–Si matrix alloy.
4.3. Cyclic stress response
The cyclic stress response curve describes the variation of
stress range with cycling, providing useful information to theTable 2 Tensile properties of the Al–Si alloy and Al–Si/Al2O3 c
Material Temperature,
T (1C)
Elastic
modulus,
E (GPa)
Al–Si matrix alloy 200 70.5
275 62.0
350 54.5
Al–Si/Al2O3
composite
200 75.0
275 70.0
350 68.5cyclic mechanical stability and damage evaluation for a
material. The cyclic stress response curves of the Al–Si alloy
and the Al–Si/Al2O3 composite at elevated temperatures are
shown in Fig. 2(a) and (b), respectively. All of the specimens
were tested at a total strain range of 0.40%. In Fig. 2(a), the
fatigue life of the Al–Si alloy specimens decreased gradually
with the rise of temperature. However, the composite had
the longest fatigue life at 275 1C, as shown in Fig. 2(b).
Meanwhile, there was about 30 MPa increase in fatigue
strength of the composite as compared to the Al–Si alloy at
each temperature. This suggests that the ﬁbers asomposite.
Yield
strength,
s0.2 (MPa)
Ultimate tensile
strength, sb (MPa)
Elongation,
d (%)
96.02 135.58 2.70
66.53 92.86 1.84
50.66 65.59 1.27
140.00 166.01 0.71
120.54 138.59 0.99
81.90 98.74 1.31
Fig. 3 (a) Softening degree of the Al–Si alloy and the Al–Si/Al2O3
composite; (b) variation in plastic strain range at elevated
temperatures.
Fig. 4 The stress range values in the ﬁrst cycle, the cycle of 50%
total fatigue life and the last cycle with increasing temperature (a)
the Al–Si alloy, (b) the Al–Si/Al2O3 composite.
G. Zhang et al.156reinforcement can increase the fatigue resistance of the Al–Si
matrix alloy signiﬁcantly.
Fig. 2(a) and (b) also shows evidence of progressive soft-
ening during fatigue cycling at the three temperatures. A
comparison is given in Fig. 3(a) to indicate the degree of
softening in the Al–Si alloy and the composite. Here the
degree of softening is deﬁned as a ratio of the stress drop
during the whole cycling to the stress range in the ﬁrst cycle. It
can be seen that the degree of softening for the composite was
lower than that for the Al–Si alloy, and the composite had
better softening resistance than the Al–Si alloy with increasing
temperature. Furthermore, both the Al–Si alloy and the
composite had better softening resistance at 350 1C than at
275 1C. On the other hand, less plastic strain was introduced in
the Al–Si/Al2O3 composite than in the Al–Si alloy, as shown
in Fig. 3(b). The composite matrix was unable to deform freely
due to the constraint imposed by the ﬁbers. With the
increasing temperature, the ﬁbers had much more effective
constraint for the plastic deformation in the composite matrix.
Fig. 4(a) and (b) shows the variation of stress range values
in the ﬁrst cycle, the cycle of the 50% total fatigue life, and the
last cycle at different temperatures. It can be seen that the
stress ranges differed slightly for the Al–Si alloy and the Al–Si/
Al2O3 composite at 200 1C, and the softening behavior became
obvious at 275 1C and 350 1C.4.4. Cyclic fatigue fracture
Fracture surfaces of the Al–Si alloy and the Al–Si/Al2O3
composite specimens were examined using scanning electron
microscope (SEM), as shown in Figs. 5 and 6, respectively. Fig. 5
shows the fatigue fracture behavior of primary silicon particles in
the Al–Si alloy at elevated temperatures. Most of the primary
silicon particles were broken when the fatigue crack propagated
through the matrix at 200 1C (Fig. 5(a)). This observation
revealed the brittle fracture characteristics of the silicon particles
at such a temperature. It was also found that the silicon particles
tended to separate from the aluminum matrix at elevated
temperatures 275 1C and 350 1C, as shown in Fig. 5(b) and (c).
Therefore, the ductile fracture mechanism controls the fatigue
crack process of the Al–Si alloy at relatively high temperatures.
For the Al–Si/Al2O3 composite, all the fatigue fracture
surfaces presented similar appearances at the three tempera-
tures. In the region of crack propagation, separation of the
ﬁbers from the aluminum matrix was remarkable (Fig. 6(a)).
The fatigue crack propagated along the interface between the
matrix and the ﬁbers. However, less separation of the ﬁbers
from the matrix occurred in the fast fracture region, and most
of them were broken distinctly, as shown in Fig. 6(b).
Fig. 5 Scanning electron micrographs of the Al–Si alloy showing
the fatigue fracture model of silicon particles at (a) 200 1C,
(b) 275 1C and (c) 350 1C.
Fig. 6 Scanning electron micrographs of the Al–Si/Al2O3 com-
posite showing the fatigue fracture model of Al2O3 ﬁbers in (a)
crack propagation region and (b) fast fracture region.
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The typical microstructure of the Al–Si alloy can be regarded
as the hard and brittle Si particles embedded in a soft and
ductile aluminum matrix. Every material has its individual
thermal expansion coefﬁcient. Silicon particles have a lower
thermal expansion coefﬁcient than the aluminum alloy matrix.
When crack tip encountered the silicon particle at a lowtemperature, fracture of the silicon particle would be the
dominant mechanism governing cyclic deformation, as shown
in Fig. 7(a). At a relatively high temperature, the key
mechanism of fatigue failure tends to be the separation of
the silicon particles from the aluminum matrix (Fig. 7(b))
because of their different thermal expansion coefﬁcients.
Fig. 8 illustrates the fatigue damage model of the Al–Si/
Al2O3 composite when the crack tip encountered the Al2O3
ﬁbers. The stress ﬁeld is very complicated at the interface
between ﬁber and matrix. It consists of shear stress t and
tensile stresses s1 and s2. The crack propagation involves three
key mechanisms: the shear deformation of matrix, the fracture
of ﬁbers and the separation of interface between matrix and
ﬁber [5]. The appearance of fracture surface, which is affected
by these mechanisms, depends on the shear resistance of
matrix and the strength of ﬁber and interface. When the
interface has high strength and the matrix can resist shear
deformation, the stress will concentrate on the crack tip area
near ﬁber and cause the breakage of ﬁber. This process will be
repeated for the next ﬁber, eventually forming a relatively ﬂat
fracture surface. If the composite has a relatively weak inter-
face, the separation of ﬁbers and matrix will happen.
Under strain-controlled cyclic loading, the stress ﬁeld near
crack tip is complex. Here stress intensity factor DK ¼
aDs ﬃﬃﬃﬃﬃpap ¼ aðsmaxsminÞ
ﬃﬃﬃﬃﬃ
pa
p
determines the way of crack
Fig. 7 Propagation illustration of fatigue crack encountering the silicon particle at (a) low temperature and (b) high temperature.
Fracture
−
σ1
σ2
Crack tip 
Fiber
Separation 
Fig. 8 Illustration of the fatigue damage model with the crack tip encountering Al2O3 ﬁbers: (a) crack tip near the interface between
matrix and ﬁber; (b) fracture of ﬁber; (c) separation of ﬁber.
G. Zhang et al.158propagation. a is a crack geometry correction factor, and a is the
crack length. With the rise of DK, the crack growth rate
da=dN ¼CDKn increases rapidly [16]. At the stage of crack
initiation and propagation, the microscopic fatigue crack has a
short length. It results in weak stress ﬁeld near the crack tip, and
cannot break the reinforcing ﬁbers effectively. So, most of the
ﬁbers are separated from the matrix at the region of crack
initiation and propagation. In the fast fracture region, the
micro-cracks connect to each other to form longer cracks. With
the progressive increase in crack length, microscopic fracture was
dominated by the breakage of ﬁbers on account of a strong stress
ﬁeld near the crack tip. This process resulted in the distinct
characteristics on the fracture surface as shown in Fig. 6.6. Conclusions1. Under the strain-controlled fatigue loading, both the Al–
Si alloy and the Al–Si/Al2O3 composite exhibited cyclic
softening. The composite had higher resistance to cyclic
softening than the Al–Si alloy. Due to the strengthening
of Al2O3 ﬁbers, the composite showed a strong fatigue
damage resistance at elevated temperature.2. The silicon particles presented diverse fatigue fracture
behaviors under different temperatures. Owing to the
difference of thermal expansion coefﬁcients, silicon par-
ticles were separated from the aluminum matrix at
elevated temperature.3. Fatigue fracture of the composite showed similar char-
acteristics at the elevated temperatures. The interaction
between the crack and the ﬁbers determined the appear-
ance of fracture surface. In a general way, ﬁbers separated
from the matrix alloy at the region of crack initiation and
propagation, and broke at the fast fracture area.Acknowledgments
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